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for Clinically Important Protein Biomarkers 
of Sepsis
Lynsey Steel1, Andrew C Ward2 ?ĂŝƚůŝŶ:ĞīƌĞǇ1, David Alcorn2 and Damion K Corrigan1*
Abstract
Sepsis is characterised by a dysregulated immune response following infection with a mi-
cro-organism. Treating and managing sepsis relies on fast and accurate diagnosis followed 
by introduction of the correct medications and supportive measures. Biosensor measure-
PHQWVIRUVHSVLVW\SLFDOO\WDNHWKHURXWHRILGHQWL¿FDWLRQRIWKHLQIHFWLRXVDJHQWDQGRUPRQ-
itoring of a clinically relevant biomarker such as lactic acid or C Reactive Protein (CRP). In 
this work, we have used low cost Screen Printed Electrodes (SPEs) in conjunction with anti-
bodies for interleukin-6 and Enterotoxin A to demonstrate the possibility of measuring these 
WZRVHSVLVUHODWHGELRPDUNHUV LQPLQXWHVDWFOLQLFDOO\UHOHYDQWFRQFHQWUDWLRQVSJP/
The clinical utility in this approach lies in the time to result and the relative simplicity of the 
assay. Current biomarker testing, especially in near real time, is absent from many intensive 
care wards and these results demonstrate the possibility of realising such measurements. 
The method of sensor production employed in this study is generic and therefore can be ap-
plied to a panel of similar sepsis biomarkers on a wide variety of electrode substrates. These 
results demonstrate a clear direction towards a simple multi-marker assay for sepsis which 
can assist with diagnosis, triaging and clinical management of the condition as it progresses 
and recedes.
1Department of Biomedical Engineering, University of Strathclyde, The Wolfson Centre, 106 Rottenrow East, 
Glasgow, G4 0NS, UK
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/ŶƚƌŽĚƵĐƟŽŶ
^ĞƉƐŝƐ ŝƐ Ă ŵĂũŽƌ ĐĂƵƐĞ ŽĨ ŵŽƌďŝĚŝƚǇ ĂŶĚ ŵŽƌƚĂůŝƚǇ ŝŶ ƚŚĞ h< ? ZĞĐĞŶƚůǇ ? ŝƚ ǁĂƐ
ƉƵďůŝĐŝƐĞĚďǇƚŚĞEĂƟŽŶĂů,ĞĂůƚŚ^ĞƌǀŝĐĞƚŚĂƚŽŶĂŶĂŶŶƵĂůďĂƐŝƐƚŚĞĐŽŶĚŝƟŽŶƌĞ ?
ƐƵůƚƐŝŶƚŚĞĚĞĂƚŚŽĨ ? ? ? ? ? ?ŝŶĚŝǀŝĚƵĂůƐĨƌŽŵĂƚŽƚĂůŽĨ ? ? ?    ?ĐĂƐĞƐĂŶĚƚŚĂƚŝƚŝƐ
ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ŵŽƌĞ ĚĞĂƚŚƐ ƚŚĂŶ ůƵŶŐ ? ďƌĞĂƐƚ ĂŶĚ ĐŽůŽŶ ĐĂŶĐĞƌ ĐŽŵďŝŶĞĚ  ?1]. In 
 ? ? ? ? ?ƚŚĞĚĞĮŶŝƟŽŶŽĨƐĞƉƐŝƐǁĂƐĐŚĂŶŐĞĚďǇĐŽŶƐĞŶƐƵƐŝŶŽƌĚĞƌƚŽƚĂŬĞ ŝŶƚŽĂĐ ?
ĐŽƵŶƚĂĚǀĂŶĐĞƐ ŝŶƵŶĚĞƌƐƚĂŶĚŝŶŐŽĨ ƚŚĞƉĂƚŚŽďŝŽůŽŐǇ ?ŵĂŶĂŐĞŵĞŶƚĂŶĚĞƉŝĚĞŵŝ ?




ƌĞĐŽŐŶŝƐĞĚ ĞĂƌůǇ ĂĐƟǀĂƟŽŶ ŽĨ ƉƌŽ ĂŶĚ ĂŶƟ ?ŝŶŇĂŵŵĂƚŽƌǇ ƉĂƚŚǁĂǇƐ ?2 ? Ă ƌĂŶŐĞ ŽĨ
ĐĂƌĚŝŽǀĂƐĐƵůĂƌ ? ŶĞƵƌŽŶĂů ? ĂƵƚŽŶŽŵŝĐ ? ŚŽƌŵŽŶĂů ? ďŝŽ ?ĞŶĞƌŐĞƟĐ ? ĂŶĚ ŵĞƚĂďŽůŝĐ ĂŶĚ
ĐŽĂŐƵůĂƟŽŶƉĂƚŚǁĂǇƐƉůĂǇĂƌŽůĞŝŶƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƚŚĞĐŽŶĚŝƟŽŶ ?2 ? ?dŚĞǁŝĚ ?
ĞŶĞĚƉĞƌƐƉĞĐƟǀĞŽīĞƌĞĚŝŶƚŚĞ ? ? ? ?ĚĞĮŶŝƟŽŶŽĨƐĞƉƐŝƐ ?2 ?ĂůƐŽƚĂŬĞƐŝŶƚŽĂĐĐŽƵŶƚ
ƚŚĞŚŝŐŚŝŵƉŽƌƚĂŶĐĞŽĨĐůŝŶŝĐĂůŚĞƚĞƌŽŐĞŶĞŝƚǇ ?ƵŶĚĞƌůǇŝŶŐĐŽ ?ŵŽƌďŝĚŝƟĞƐĂŶĚƐŽƵƌĐĞ
ŽĨŝŶĨĞĐƟŽŶĂƐŝŵƉŽƌƚĂŶƚĨĂĐƚŽƌƐŝŶĚĞƚĞƌŵŝŶŝŶŐƚŚĞŽǀĞƌĂůůŽƵƚĐŽŵĞ ?dŚĞĐŽŶĚŝƟŽŶ
ŬŶŽǁŶĂƐƐĞƉƐŝƐŝƐĚĞĮŶĞĚĂƐ SůŝĨĞ ?ƚŚƌĞĂƚĞŶŝŶŐŽƌŐĂŶĚǇƐĨƵŶĐƟŽŶĐĂƵƐĞĚďǇĂĚǇƐ ?
ƌĞŐƵůĂƚĞĚŚŽƐƚƌĞƐƉŽŶƐĞƚŽŝŶĨĞĐƟŽŶ ? ?dŽƉƵƚƚŚŝƐĚĞĮŶŝƟŽŶŝŶƚŽƉĞƌƐƉĞĐƟǀĞ ?ĞǀĞŶ
ĂŵŽĚĞƌĂƚĞĚĞŐƌĞĞŽĨŽƌŐĂŶĚǇƐĨƵŶĐƟŽŶ ŝƐĂƐƐŽĐŝĂƚĞĚǁŝƚŚĂŶ ŝŶŚŽƐƉŝƚĂůŵŽƌƚĂůŝ ?
ƚǇƌĂƚĞAN ? ?A? ?2 ? &ƵůůĚĞƚĂŝůƐŽŶƚŚĞƌĞĐĞŶƚĐŽŶƐĞŶƐƵƐĚĞĮŶŝƟŽŶŽĨƐĞƉƐŝƐŝŶĐůƵĚĞĚ
ĐůŝŶŝĐĂůĐƌŝƚĞƌŝĂŚĂǀĞďĞĞŶĚĞƐĐƌŝďĞĚĞůƐĞǁŚĞƌĞ ?2 ? ?/ŵƉƌŽǀĞĚĚŝĂŐŶŽƐƟĐƚĞƐƟŶŐĂŶĚ
ƉĂƟĞŶƚŵĂŶĂŐĞŵĞŶƚĂƌĞƌĞƋƵŝƌĞĚƚŽĞŶŚĂŶĐĞƐƵƌǀŝǀĂůƌĂƚĞƐĂŶĚƉĂƟĞŶƚŽƵƚĐŽŵĞƐ ?
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/ŶĐƵƌƌĞŶƚƉƌĂĐƟĐĞ ?ƚŚĞƌĞŝƐĂƌĞůŝĂŶĐĞŽŶƐƚĂŶĚĂƌĚůĂďŽƌĂƚŽƌǇƚĞĐŚŶŝƋƵĞƐƚŽĚŝĂŐŶŽƐĞ
ƐĞƉƐŝƐ ?ǁŝƚŚƟŵĞůĂŐƐŽĨ ? ? ? ? ?ŚŽƵƌƐ ?&ŽƌĞǆĂŵƉůĞ ?ĂĚĞůĂǇŝŶƐĞƉƐŝƐĚŝĂŐŶŽƐŝƐŽĨŽŶĞ
ŚŽƵƌƌĞƐƵůƚƐŝŶĂ ? ? ? ?A?ŝŶĐƌĞĂƐĞŝŶƚŚĞĐŚĂŶĐĞŽĨĚĞĂƚŚ ?3 ? /ƚŝƐƚŚĞƌĞĨŽƌĞĐůĞĂƌƚŚĂƚ
ƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨƐĞŶƐŽƌƚĞĐŚŶŽůŽŐŝĞƐǁŝƚŚĨĂƐƚĂŶĂůǇƐŝƐƟŵĞƐŚĂƐƚŚĞƉŽƚĞŶƟĂůƚŽ
ƌĞǀŽůƵƟŽŶŝƐĞƐĞƉƐŝƐĚŝĂŐŶŽƐŝƐĂŶĚŵĂŶĂŐĞŵĞŶƚ ?
 ŶƵŵďĞƌ ŽĨ ďŝŽŵĂƌŬĞƌƐ ŚĂǀĞ ďĞĞŶ ƌĞƉŽƌƚĞĚ ŝŶ ƚŚĞ ůŝƚĞƌĂƚƵƌĞ ĂƐ ďĞŝŶŐ ƉŽƚĞŶ ?
ƟĂůůǇ ƵƐĞĨƵů ĨŽƌ ƚŚĞ ĚŝĂŐŶŽƐŝƐ ĂŶĚ ŵŽŶŝƚŽƌŝŶŐ ŽĨ ƐĞƉƐŝƐ ? ŝŶ ĨĂĐƚ ƚŚĞ ƚŽƚĂů ƌĞƉŽƌƚĞĚ
ŝƐŐƌĞĂƚĞƌƚŚĂŶ ? ? ? ?ŶƚĞƌŽƚŽǆŝŶŝƐĂŵĞŵďĞƌŽĨƚŚĞĨĂŵŝůǇŽĨƉƌŽƚĞŝŶƐŬŶŽǁŶĂƐ
^ƚĂƉŚǇůŽĐŽĐĐĂůĂŶĚ^ƚƌĞƉƚŽĐŽĐĐĂůŶƚĞƌŽƚŽǆŝŶƐ ?ŽĨǁŚŝĐŚƚŚĞƌĞĂƌĞĂƉƉƌŽǆŝŵĂƚĞůǇ ? ?
ƉƌŽƚĞŝŶƐǁŚŝĐŚƐŚĂƌĞĂĐŽŵŵŽŶƉŚǇůŽŐĞŶĞƟĐůŝŶŬĂŶĚƚŚƵƐŚĂǀĞƐŝŵŝůĂƌƐƚƌƵĐƚƵƌĞƐ ?
ĨƵŶĐƟŽŶƐĞƚĐ ? ?4 ? ?ƚƉƌĞƐĞŶƚ ? ? ?ƉƌŽƚĞŝŶƐŚĂǀĞďĞĞŶŝĚĞŶƟĮĞĚ ?ŝŶĐůƵĚŝŶŐŶƚĞƌŽƚŽǆŝŶ
ĂŶĚƚŚĞǇŚĂǀĞĂŵŝŶŽĂĐŝĚƐĞƋƵĞŶĐĞƐŽĨ ? ? ? ? ? ? ?ĂŵŝŶŽĂĐŝĚƐĂŶĚƐŝŵŝůĂƌŵŽůĞĐƵůĂƌ
ǁĞŝŐŚƚƐ ? ? ? ? ? ?ŬĂ ? ?5 ? ?ŶƚĞƌŽƚŽǆŝŶĂŶĚĂƌĞƚŚĞŵŽƐƚĐŽŵŵŽŶůǇĞŶĐŽƵŶƚĞƌĞĚ ?
ŽŌĞŶ ŝŶĐĂƐĞƐŽĨ ƐĞƉƐŝƐ  ?6 ?ĂŶĚ ĨŽŽĚƉŽŝƐŽŶŝŶŐ  ?4 ? ? /ŶĂĚĚŝƟŽŶ ?ŶƚĞƌŽƚŽǆŝŶŚĂƐ
ďĞĞŶŝŵƉůŝĐĂƚĞĚĂƐĂŶĂŐĞŶƚĨŽƌďŝŽ ?ƚĞƌƌŽƌŝƐŵĂŶĚǁĞĂƉŽŶŝƐĂƟŽŶ ?4 ? ?tŚĂƚŝƐƐŝŐŶŝĮ ?
ĐĂŶƚĨŽƌƚŚŝƐǁŽƌŬŽŶĂƐƐĂǇĚĞǀĞůŽƉŵĞŶƚ ?ŝƐƚŚĂƚŶƚĞƌŽƚŽǆŝŶŝƐƐĞƌǀŝŶŐĂƐĂŶĞǆĂŵ ?
ƉůĞŽĨĂĐŽŵŵŽŶůǇƐĞĐƌĞƚĞĚǀŝƌƵůĞŶĐĞĨĂĐƚŽƌŝŶĐĂƐĞƐŽĨƐĞƉƐŝƐǁŚĞƌĞƚŚĞƉĂƚŚŽŐĞŶŝƐ
Staphylococcus aureus  ?4,5,7].
/ŶƚĞƌůĞƵŬŝŶ ? ? ?/> ? ? ?ŝƐĂ ? ?ŬĂŐůǇĐŽƉƌŽƚĞŝŶƐĞĐƌĞƚĞĚďǇů ƵŬŽĐǇƚĞƐ ?ǁŚŝĐŚŵĞĂŶƐ
ŝƚ ŝƐĚĞĮŶĞĚĂƐĂĐǇƚŽŬŝŶĞ PƐƵďƐƚĂŶĐĞǁŚŝĐŚ ŝƐŬŶŽǁŶƚŽďĞƌĞůĞĂƐĞĚďǇĐĞůůƐŽĨ
ƚŚĞŝŵŵƵŶĞƐǇƐƚĞŵ ?/ƚŝƐĂůƐŽƐĞĐƌĞƚĞĚďǇĂŶƵŵďĞƌŽĨŽƚŚĞƌĐĞůůƐ ?ŝŶĐůƵĚŝŶŐ P&ŝďƌŽ ?
ďůĂƐƚƐ ?ŽƐƚĞŽďůĂƐƚƐ ?ŬĞƌĂƟŶŽĐǇƚĞƐ ?ĞŶĚŽƚŚĞůŝĂůĐĞůůƐ ?ŵĞƐĂŶŐŝĂůĐĞůůƐĂŶĚƚƵŵŽƵƌĐĞůůƐ
 ? ? ? ?/ƚŝƐƉƌĞƐĞŶƚĂƚĞůĞǀĂƚĞĚůĞǀĞůƐŝŶƟŵĞƐŽĨĨĞǀĞƌĂŶĚƉůĂǇƐĂŶŝŵƉŽƌƚĂŶƚƌŽůĞŝŶ
ƚŚĞĚŝīĞƌĞŶƟĂƟŽŶŽĨĐĞůůƐ ?ǁŚŝĐŚĂƌĞĂŶƟďŽĚǇ ?ƉƌŽĚƵĐŝŶŐǁŚŝƚĞďůŽŽĚĐĞůůƐ ?dŚŝƐ
ĞǆƉůĂŝŶƐǁŚǇ/> ? ? ŝƐƌĞĨĞƌƌĞĚƚŽĂƐĂƉƌŽ ?ĂŶĚĂŶĂŶƟ ?ŝŶŇĂŵŵĂƚŽƌǇĐǇƚŽŬŝŶĞ ? ŝƚŚĂƐ
ĨƵŶĐƟŽŶƐǁŚŝĐŚĂĐƚŝŶďŽƚŚƉĂƚŚǁĂǇƐ ?/ƚŝƐĂůƐŽĂŶŝŵƉŽƌƚĂŶƚƐƵďƐƚĂŶĐĞĨŽƌŵĂŶǇĚŝĨ ?
ĨĞƌĞŶƚƉŚǇƐŝŽůŽŐŝĐĂůĨƵŶĐƟŽŶƐ ?ĨŽƌŝŶƐƚĂŶĐĞďŽŶĞŚŽŵĞŽƐƚĂƐŝƐ ?ĚƵĞƚŽƚŚĞŝŶĚƵĐƟŽŶ
ŽĨŽƐƚĞŽĐůĂƐƚĨŽƌŵĂƟŽŶ ?ĂŶĚĐŽŶƚƌŽůŽĨƚŚĞďŽĚǇ ?ƐŵĞƚĂďŽůŝƐŵ ?DŽƐƚĐƌƵĐŝĂůůǇĨŽƌƚŚŝƐ
ǁŽƌŬ ?/> ? ?ŝƐĂĐŽŵŵŽŶůǇŵĞŶƟŽŶĞĚďŝŽŵĂƌŬĞƌ ?ƉŽƚĞŶƟĂůůǇŽĨŚŝŐŚŝŵƉŽƌƚĂŶĐĞĨŽƌ
ƐĞƉƐŝƐĚŝĂŐŶŽƐŝƐĂŶĚŵŽŶŝƚŽƌŝŶŐ ?9,10 ? ?ůŝŶŝĐĂůůǇƌĞůĞǀĂŶƚůĞǀĞůƐŽĨ/> ? ?ŚĂǀĞƌĞĐĞŶƚůǇ
ďĞĞŶƌĞƉŽƌƚĞĚĂƐďĞŝŶŐŝŶƚŚĞƌĂŶŐĞŽĨ ? ? ? ?ƉŐ ?ŵ>ĨŽƌƉŚǇƐŝŽůŽŐŝĐĂůůǇŶŽƌŵĂůƐŝƚƵĂ ?
ƟŽŶƐĂŶĚƵƉƚŽ ? ? ? ?ƉŐ ?ŵ>ŝŶƚŚĞĐĂƐĞƐŽĨƉĂƟĞŶƚƐǁŝƚŚƐĞƉƐŝƐ ?11,12].
^ĞŶƐŽƌƐǇƐƚĞŵƐŚĂǀĞĨŽƵŶĚĂƉƉůŝĐĂƟŽŶŝŶĂŶƵŵďĞƌŽĨĮĞůĚƐŝŶĐůƵĚŝŶŐŝŶĚƵƐƚƌŝ ?
ĂůƉƌŽĐĞƐƐŵŽŶŝƚŽƌŝŶŐ ?13,14 ? ?ĚƌƵŐƉƵƌŝƚǇ ?15 ? ?ĞŶǀŝƌŽŶŵĞŶƚĂůŵŽŶŝƚŽƌŝŶŐ ?16] and 
ŵĞĚŝĐĂů ĚŝĂŐŶŽƐƟĐƐ  ?17 ? ĂŶĚ ĐĂŶ ďĞ ĚĞǀĞůŽƉĞĚ ƵƐŝŶŐ ĂŶǇ ŶƵŵďĞƌ ŽĨ ĂƉƉƌŽĂĐŚĞƐ
ŝŶĐůƵĚŝŶŐ ŽƉƟĐĂů ? ƉŝĞǌŽĞůĞĐƚƌŝĐ ĂŶĚ ĞůĞĐƚƌŽĐŚĞŵŝĐĂů ? ůĞĐƚƌŽĐŚĞŵŝĐĂů ƐĞŶƐŽƌƐ ƵƟ ?
ůŝƐĞ ƚŚĞ ƚǁŽŽƌ ƚŚƌĞĞĞůĞĐƚƌŽĚĞƐǇƐƚĞŵƐ ?ǁŝƚŚ ƚŚĞǁŽƌŬŝŶŐĞůĞĐƚƌŽĚĞĂůǁĂǇƐďĞŝŶŐ
ƚŚĞĞůĞĐƚƌŽĚĞƵŶĚĞƌƚĞƐƚ ?ƐĐĂůĂďůĞ ?ůŽǁĐŽƐƚƐŽƵƌĐĞŽĨƚŚƌĞĞĞůĞĐƚƌŽĚĞƐǇƐƚĞŵƐĂƌĞ
ƐĐƌĞĞŶƉƌŝŶƚĞĚƐĞŶƐŽƌƐ ?ǁŚŝĐŚĐĂŶďĞƵƐĞĚŝŶĂĚŝƐƉŽƐĂďůĞŵĂŶŶĞƌ ?&ŝŐƵƌĞ ? ? ?,ĞƌĞ ?
ůĞĐƚƌŽĐŚĞŵŝĐĂů/ŵƉĞĚĂŶĐĞ^ƉĞĐƚƌŽƐĐŽƉǇ ?/^ ?ŝƐƵƐĞĚĂƐƚŚĞĚĞƚĞĐƟŽŶĂƉƉƌŽĂĐŚďĞ ?
ĐĂƵƐĞŝƚŝƐĂƉŽǁĞƌĨƵůƚĞĐŚŶŝƋƵĞĨŽƌƚŚĞƐƚƵĚǇŽĨŝŶƚĞƌĨĂĐŝĂůƉŚĞŶŽŵĞŶĂĂƚĞůĞĐƚƌŝĮĞĚ
interfaces (&ŝŐƵƌĞ ? ? ?ǇĂƉƉůǇŝŶŐĂƐŵĂůůƐŝŶƵƐŽŝĚĂůĞǆĐŝƚĂƟŽŶƉŽƚĞŶƟĂůĂŶĚŵĞĂ ?
ƐƵƌŝŶŐ ƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐĐƵƌƌĞŶƚ ƌĞƐƉŽŶƐĞ ŝƚ ŝƐƉŽƐƐŝďůĞ ƚŽƉƌŽďĞƐĞǀĞƌĂůƉŚǇƐŝĐĂů
ƉŚĞŶŽŵĞŶĂ ?ǁŚŝĐŚŝŶĐůƵĚĞ PdŚĞ^ŽůƵƟŽŶZĞƐŝƐƚĂŶĐĞ ?Z
S
  ?ƚŚĞŽƵďůĞ>ĂǇĞƌĂƉĂĐŝ ?
tance (C
DL
 ? ?ƚŚĞŚĂƌŐĞdƌĂŶƐĨĞƌZĞƐŝƐƚĂŶĐĞ ?Z
CT
 ?ĂŶĚƚŚĞĚŝīƵƐŝŽŶŝŵƉĞĚĂŶĐĞ ?tĂƌ ?




ĂŶĂůǇƚĞƐŽŶ ƚŚĞĞůĞĐƚƌŽĚĞĂŶĚŵĞĂƐƵƌĞ ƚŚĞ ŝŶĐƌĞĂƐĞ ŝŶĐŚĂƌŐĞ ƚƌĂŶƐĨĞƌ ƌĞƐŝƐƚĂŶĐĞ
(R
CT
 ?ǁŚĞŶƚŚĞƚĂƌŐĞƚŝƐďŽƵŶĚ ?ŶƵŵďĞƌŽĨĞůĞĐƚƌŽĐŚĞŵŝĐĂůƐĞŶƐŽƌƐŚĂǀĞďĞĞŶĚĞ ?
ǀĞůŽƉĞĚǁŚĞƌĞƚŚŝƐĂƉƉƌŽĂĐŚǁĂƐĞŵƉůŽǇĞĚĂŶĚĂƐƐĂǇƐĚĞǀĞůŽƉĞĚŝŶĐůƵĚĞ PdZD ? ?
 ? ? ? ? ?ƉƌŽĐĂůĐŝƚŽŶŝŶ ?19 ? ?ŽĐŚƌĂƚŽǆŝŶ ?20 ? ?/> ? ? ?21 ?ĂŶĚŝŶƚĞƌĨĞƌŽŶŐĂŵŵĂ ?22]. Pre ?
ǀŝŽƵƐƉŽŝŶƚŽĨĐĂƌĞƐƚǇůĞĂƐƐĂǇƐŚĂǀĞďĞĞŶĚĞǀĞůŽƉĞĚĨŽƌ/> ? ?ďƵƚŚĂǀĞƌĞƋƵŝƌĞĚƚŚĞ
ƵƐĞŽĨĂĚĚŝƟŽŶĂůƌĞĂŐĞŶƚƐƐƵĐŚĂƐƐĂŶĚǁŝĐŚĂƐƐĂǇƐĂŶĚŽƉƟĐĂůĚĞƚĞĐƟŽŶƚĞĐŚŶŝƋƵĞƐ
 ?23,24 ?ŽƌĐŽŵƉůĞǆĞůĞĐƚƌŽĚĞŵŽĚŝĮĐĂƟŽŶƐ  ?25 ? ?dŚĞĂĚǀĂŶƚĂŐĞŽĨƚŚĞƐǇƐƚĞŵǁĞ
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/> ? ?ĂŶĚŶƚĞƌŽƚŽǆŝŶĂƚĐůŝŶŝĐĂůůǇƌĞůĞǀĂŶƚůĞǀĞůƐŝŶƚĞŶŵŝŶƵƚĞƐ ?dŚĞĂƉƉƌŽĂĐŚƚŽ
ŝŵŵŽďŝůŝƐŝŶŐƚŚĞĂŶƟďŽĚŝĞƐŝƐƐŝŵƉůĞĂŶĚŐĞŶĞƌŝĐŵĞĂŶŝŶŐƐŝŵŝůĂƌƚĞƐƚƐĐĂŶďĞĚĞǀĞů ?
ŽƉĞĚĨŽƌĂǁŚŽůĞƌĂŶŐĞŽĨƐĞƉƐŝƐďŝŽŵĂƌŬĞƌƐ ?&ƵƌƚŚĞƌŵŽƌĞ ?ŶŽƉŚǇƐŝĐĂůŽƌĐŚĞŵŝĐĂů
ŵŽĚŝĮĐĂƟŽŶƐĂƌĞŵĂĚĞƚŽƚŚĞĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞ ?Ğ ?Ő ?ƵƐĞŽĨŶĂŶŽƉĂƌƟĐůĞƐ ?ŐƌĂƉŚĞŶĞ
ĞƚĐ ?ƚŽĞŶŚĂŶĐĞĞůĞĐƚƌŽŶƚƌĂŶƐĨĞƌ ?dŚŝƐŝƐďĞĐĂƵƐĞĐůŝŶŝĐĂůůǇƌĞůĞǀĂŶƚĚĞƚĞĐƟŽŶůĞǀĞůƐ
 ?ƉŐ ?ŵ> ?ǁĞƌĞĂĐŚŝĞǀĞĚ ?ĚĞŵŽŶƐƚƌĂƟŶŐƚŚĂƚƚŚĞĂƉƉƌŽĂĐŚŝƐƐƵŝƚĂďůĞĨŽƌǁŝĚĞƐƉƌĞĂĚ
ŝŵƉůĞŵĞŶƚĂƟŽŶŝŶƚŚĞĚĞƚĞĐƟŽŶĂŶĚŵŽŶŝƚŽƌŝŶŐŽĨƐĞƉƐŝƐ ?
DĞƚŚŽĚƐĂŶĚDĂƚĞƌŝĂůƐ
Gold macro disk electrodes (r A?  ? ? ? ŵŵ ? ǁĞƌĞ ĞŵƉůŽǇĞĚ ŝŶ ŽƌĚĞƌ ƚŽ ƉĞƌĨŽƌŵ
ďĞŶĐŚŵĂƌŬĐǇĐůŝĐǀŽůƚĂŵŵĞƚƌǇĂŶĚůĞĐƚƌŽĐŚĞŵŝĐĂů /ŵƉĞĚĂŶĐĞ^ƉĞĐƚƌŽƐĐŽƉǇ  ?/^ ?




ĐŽƵŶƚĞƌĞůĞĐƚƌŽĚĞǁĂƐĂƉůĂƟŶƵŵĨŽŝů ?ƌŽƉ^ĞŶƐ ?KǀŝĞĚŽ ?^ƉĂŝŶ ?Ƶ ? ? ?d^ĐƌĞĞŶ
WƌŝŶƚĞĚůĞĐƚƌŽĚĞƐ ?^WƐ ?ǁĞƌĞĞŵƉůŽǇĞĚĂƐƚŚĞƐĞŶƐŽƌĐŚŝƉĨŽƌĞǆƉĞƌŝŵĞŶƚƐŝŶǀŽůǀ ?
ŝŶŐĚĞǀĞůŽƉŵĞŶƚŽĨƌĂƉŝĚŵĞĂƐƵƌĞŵĞŶƚƐĨŽƌŶƚĞƌŽƚŽǆŝŶŽƌ/> ? ? ?&ŝŐƵƌĞ ? ? ?dŚĞŽŶ
ĐŚŝƉĐŽƵŶƚĞƌ ?Ƶ ?ĂŶĚƌĞĨĞƌĞŶĐĞ ?Ő ?ĞůĞĐƚƌŽĚĞƐǁĞƌĞĞŵƉůŽǇĞĚƚŽŵĂŬĞƚŚĞƚŚƌĞĞ
ĞůĞĐƚƌŽĚĞƐǇƐƚĞŵĨŽƌŵĞĂƐƵƌĞŵĞŶƚŽĨƚĂƌŐĞƚďŝŶĚŝŶŐ ?
dŚĞĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞǁĂƐ ĨƵŶĐƟŽŶĂůŝƐĞĚďǇƌĞĂĐƟŶŐĞƋƵĂůǀŽůƵŵĞƐŽĨ ƚŚĞĂŶ ?
ƟďŽĚǇƐƚŽĐŬƐŽůƵƟŽŶƐ ?ďĐĂŵ ?ĂŵďƌŝĚŐĞ ?h< ?ǁŝƚŚ ? ?ŵD^ƵůĨŽ ?> ?^WW ?^ŝŐŵĂ ?
ůĚƌŝĐŚ ?h< ?ŝŶ ?A?W^ĨŽƌ ? ?ŵŝŶƐ ?dŚĞŵŝǆƚƵƌĞǁĂƐƚŚĞŶŝŶĐƵďĂƚĞĚǁŝƚŚĂŶĞƋƵĂů
ǀŽůƵŵĞŽĨ ? ? ?ŵDdd ?^ŝŐŵĂůĚƌŝĐŚ ?h< ?ĨŽƌ ?ŚŽƵƌŽŶĂŵŝǆŝŶŐƉůĂƚĞƚŽƉƌŽǀŝĚĞ
ĂŐŝƚĂƟŽŶ ? ? ?A?>ŽĨƚŚĞƐŽůƵƟŽŶǁĂƐƚŚĞŶĚƌŽƉĐŽĂƚĞĚŽŶƚŽƚŚĞǁŽƌŬŝŶŐĞůĞĐƚƌŽĚĞ ?
dŚĞĞůĞĐƚƌŽĚĞƐǁĞƌĞƐƚŽƌĞĚŝŶĂŚƵŵŝĚŝƚǇĐŚĂŵďĞƌĨŽƌ ? ?ŚŽƵƌƐƚŽĂůůŽǁŝŵŵŽďŝůŝƐĂ ?
ƟŽŶĂŶĚ^DĨŽƌŵĂƟŽŶƚŽƚĂŬĞƉůĂĐĞĂŶĚĂůƐŽƚŚĞŚŝŐŚŚƵŵŝĚŝƚǇƉƌĞǀĞŶƚĞĚĞǀĂƉŽ ?
ƌĂƟŽŶŽĨƚŚĞĚƌŽƉ ?&ŽůůŽǁŝŶŐƚŚŝƐƐƚĞƉ ?ĞůĞĐƚƌŽĚĞƐǁĞƌĞƌŝŶƐĞĚǁŝƚŚ ?ǆW^ĂŶĚƚŚĞŶ
ŝŶĐƵďĂƚĞĚĨŽƌ ?ŚŽƵƌŝŶ ?ŵD ? ?ŵĞƌĐĂƉƚŽ ? ? ?ŚĞǆĂŶŽůƚŽďĂĐŬĮůůĂŶǇƵŶŽĐĐƵƉŝĞĚƐŝƚĞƐ
ŽŶƚŚĞĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞ ?&ŽůůŽǁŝŶŐƚŚŝƐ ?ĞůĞĐƚƌŽĚĞƐǁĞƌůĞŌƚŽĞƋƵŝůŝďƌĂƚĞŝŶ ?ǆW^
ĨŽƌ ?ŚŽƵƌƉƌŝŽƌƚŽďĞŐŝŶŶŝŶŐĚĞƚĞĐƟŽŶŽĨƚŚĞĐŽƌƌĞƐƉŽŶĚŝŶŐĂŶƟŐĞŶ ?
ůĞĐƚƌŽĐŚĞŵŝĐĂů/ŵƉĞĚĂŶĐĞ^ƉĞĐƚƌŽƐĐŽƉǇ ?/^ ?ŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞĐĂƌƌŝĞĚŽƵƚ
ĂƚŽƉĞŶĐŝƌĐƵŝƚƉŽƚĞŶƟĂůĂŶĚƵƐŝŶŐĂŵĞĂƐƵƌĞŵĞŶƚďƵīĞƌĐŽŶƐŝƐƟŶŐŽĨ ? ?ŵDƉŽƚĂƐ ?
ƐŝƵŵĨĞƌƌŝĐǇĂŶŝĚĞ ? ? ?ŵDƉŽƚĂƐƐŝƵŵĨĞƌƌŽĐǇĂŶŝĚĞĂŶĚ ?A?W^ ?&ŽƌƚŚĞĞǆĐŝƚĂƟŽŶ
ƐŝŐŶĂů ?ĂƚŽƚĂůŽĨ ? ?ĨƌĞƋƵĞŶĐŝĞƐǁĞƌĞĞŵƉůŽǇĞĚƌĂŶŐŝŶŐĨƌŽŵ ? ? ? ? ? ? ?,ǌƚŽ ? ? ?,ǌ
         
Figure 1: A) Sketch of a gold screen printed electrode (r = 0.8 mm); B) Depiction of the principle by which the immunosensor 
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xPage 4 of 8 x
 ?ƐƉĂĐĞĚůŽŐĂƌŝƚŚŵŝĐĂůůǇ ?ƵƐŝŶŐĂŶĂŵƉůŝƚƵĚĞŽĨ ? ?ŵsƌŵƐ ?dŚĞŵĞĂƐƵƌĞŵĞŶƚŝƐƐƵŵ ?
marised in &ŝŐƵƌĞ ? ?ĂƚĂǁĞƌĞĮƩĞĚƵƐŝŶŐƚŚĞZĂŶĚůĞƐ ?ĞƋƵŝǀĂůĞŶƚĐŝƌĐƵŝƚĂƐƐŚŽǁŶ
in &ŝŐƵƌĞ ? ?&ŽƌƐŽŵĞ/^ƌĞƐƉŽŶƐĞƐŝƚǁĂƐŶĞĐĞƐƐĂƌǇƚŽĮƚǁŝƚŚĂŵŽĚŝĮĞĚǀĞƌƐŝŽŶŽĨ
ƚŚĞĐŝƌĐƵŝƚ ?Ğ ?Ő ?ƵƐĞŽĨĂĐŽŶƐƚĂŶƚƉŚĂƐĞĞůĞŵĞŶƚŝŶƐƚĞĂĚŽĨĂĚŽƵďůĞůĂǇĞƌĐĂƉĂĐŝƚŽƌ ? ?
ZĞƐƵůƚƐĂŶĚŝƐĐƵƐƐŝŽŶ





ŝŵƉŽƐŝŶŐ ĂŶ ĂŶŽĚŝĐ ǀŽůƚĂŐĞ  ? ? s ? ĨŽƌ  ? ? ? Ɛ ĨŽůůŽǁĞĚ ďǇ ? ? ĐǇĐůŝĐ ǀŽůƚĂŵŵŽŐƌĂŵƐ
ŝŶ  ? ? ?DƐƵůĨƵƌŝĐĂĐŝĚ ?dŚĞ ƌĂƟŽŶĂůĞ ŝƐ ƚŚĂƚŚŽůĚŝŶŐ ƚŚĞĞůĐƚƌŽĚĞƉŽƚĞŶƟĂůĂƚ  ?s
ĨŽƌ ? ? ?ƐĞǀŽůǀĞƐŽǆǇŐĞŶďƵďďůĞƐĂƚƚŚĞǁŽƌŬŝŶŐĞůĞĐƚƌŽĚĞ ?ǁŚŝĐŚŚĂƐƚŚĞĞīĞĐƚŽĨ
ĐůĞĂŶŝŶŐƚŚĞƐƵƌĨĂĐĞ ?WĞƌĨŽƌŵŝŶŐĐǇĐůŝĐǀŽůƚĂŵŵĞƌǇďĞƚǁĞĞŶ ?ĂŶĚ ? ? ?sĨŽƌ ? ?ĐǇĐůĞƐ
(&ŝŐƵƌĞ ? ?ŚĂƐƚŚĞĞīĞĐƚŽĨƉƌŽŐƌĞƐƐŝǀĞůǇĐǇĐůŝŶŐƚŚĞĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞƚŚƌŽƵŐŚƚŚĞ
ƉƌŽĚƵĐƟŽŶŽĨĂŐŽůĚŽǆŝĚĞƐƵƌĨĂĐĞ ?ŽǆǇŐĞŶĞǀŽůƵƟŽŶĂŶĚƚŚĞƐƵďƐĞƋƵĞŶƚŐŽůĚŽǆŝĚĞ
ƌĞĚƵĐƟŽŶ ƉƌŽĐĞƐƐ ƵƉŽŶ ƌĞǀĞƌƐĂů ŽĨ ƚŚĞ ƐĐĂŶ ĚŝƌĞĐƟŽŶ ? dŚĞ ƉĞĂŬƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ
ƚŚĞƐĞƐƵƌĨĂĐĞƉƌŽĐĞƐƐĞƐĂƌĞŚŝŐŚůŝŐŚƚŝŶ&ŝŐƵƌĞ ? ?dŽǀĞƌŝĨǇƚŚĞƐƵƌĨĂĐĞŚĂĚďĞĞŶƐĂƚ ?
ŝƐĨĂĐƚŽƌŝůǇĐůĞĂŶĞĚ ?/^ŵĞĂƐƵƌĞŵĞŶƚƐǁĞƌĞƉĞƌĨŽƌŵĞĚŝŶ ?ŵDƉŽƚĂƐƐŝƵŵĨĞƌƌŝ ?ĨĞƌ ?
ƌŽĐǇĂŶŝĚĞA? ? ? ?ŵDƉŽƚĂƐƐŝƵŵŶŝƚƌĂƚĞ ?&ŝŐƵƌĞ ? ? ?tŚĞŶĚŝƐƉůĂǇĞĚŝŶĂEǇƋƵŝƐƚWůŽƚ ?
/^ŵĞĂƐƵƌĞŵĞŶƚƐŽĨĐůĞĂŶŵĂĐƌŽĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞƐ ƌĞĐŽƌĚĞĚ ŝŶĂ ƐŽůƵƟŽŶďƵīĞƌ
ĐŽŶƚĂŝŶŝŶŐƌĞĚŽǆĂĐƟǀĞƐƉĞĐŝĞƐƉƌŽĚƵĐĞƐĂƚǇƉŝĐĂůƐĞŵŝ ?ĐŝƌĐƵůĂƌƌĞƐƉŽŶƐĞĨŽƌŚŝŐŚƚŽ











ĞůĞŵĞŶƚ ?Y ? ?26 ?ŝŶŽƌĚĞƌƚŽŵŽƌĞĂĐĐƵƌĂƚĞůǇŵŽĚĞůƚŚĞŚĞƚĞƌŽŐĞŶĞŽƵƐŶĂƚƵƌĞŽĨƚŚĞ
ĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞ ?,ĂǀŝŶŐŽďƚĂŝŶĞĚĂƌĞƐƉŽŶƐĞǁŚŝĐŚƉƌŽĚƵĐĞĚƚŚĞĨĞĂƚƵƌĞƐƚǇƉŝĐĂůůǇ
ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ Ă ĐůĞĂŶ ŐŽůĚ ƐƵƌĨĂĐĞ ? ŝƚ ǁĂƐ ƚŚĞŶ ƉŽƐƐŝďůĞ ƚŽŝŵŵŽďŝůŝƐĞ ĂŶƟďŽĚǇ
ĮůŵƐŽŶƚŽƚŚĞĚĞǀŝĐĞƐĂŶĚŵĞĂƐƵƌĞĂŶƟŐĞŶďŝŶĚŝŶŐ ?
&ŽƌŝŶŝƟĂůƚĞƐƟŶŐ ?ĞůĞĐƚƌŽĚĞƐǁĞƌĞƉƌĞƉĂƌĞĚǁŝƚŚĂŶƟďŽĚǇƐĞŶƐŝŶŐůĂǇĞƌƐĨŽƌĚĞƚĞĐ ?
ƟŽŶŽĨĞŝƚŚĞƌŶƚĞƌŽƚŽǆŝŶŽƌ/> ? ? ?/ŶƚŚĞƐĞĞǆƉĞƌŝŵĞŶƚƐ ?ƚŚĞĞůĞĐƚƌŽĚĞǁĂƐĐŽǀĞƌĞĚǁŝƚŚ






 唀 ĂŶĂĚĚŝƟŽŶŽĨ ?A?>ŽĨ
ĂŶƟŐĞŶƐŽůƵƟŽŶǁĂƐŵĂĚĞĂŶĚƚŚĞŝŵƉĞĚĂŶĐĞƌĞ ?ŵĞĂƐƵƌĞĚĂŌĞƌ ? ?ŵŝŶƵƚĞƐ ?&ŝŐƵƌĞ ? 
ƐŚŽǁƐƚŚĞŝŶŝƟĂů/^ŵĞĂƐƵƌĞŵĞŶƚĨƌŽŵĂŶŶƚĞƌŽƚŽǆŝŶĂŶƟďŽĚǇĐŽĂƚĞĚĞůĞĐƚƌŽĚĞĂŶĚ
ĨŽůůŽǁŝŶŐ ? ?ŵŝŶƵƚĞƐŽĨŝŶĐƵďĂƟŽŶŝŶ ?ŶŐ ?ŵ>ŶƚĞƌŽƚŽǆŝŶƐŽůƵƟŽŶ ?&ŝŐƵƌĞ ?ƐŚŽǁƐ
ƚŚĞƐĂŵĞĞǆƉĞƌŝŵĞŶƚďƵƚĨŽƌĂŶ/> ? ?ĂŶƟďŽĚǇĐŽĂƚĞĚĞůĞĐƚƌŽĚĞĂŶĚĨŽůůŽǁŝŶŐŝŶĐƵďĂƟŽŶ
ŝŶ ? ?ƉŐ ?ŵ>/> ? ?ƐŽůƵƟŽŶ ?ůĞĂƌŝŶĐƌĞĂƐĞƐŝŶƚŚĞĐŚĂƌŐĞƚ ĂŶƐĨĞƌƐĞŵŝ ?ĐŝƌĐůĞĂƌĞĞǀŝĚĞŶƚ
         




 with surface process peaks highlighted; B) Nyquist 
plot showing an EIS measurement recorded using a clean gold screen printed electrode in a measurement buffer consisting 
of 1 mM potassium ferri-ferrocyanide + 1× PBS.
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ŝŶďŽƚŚĐĂƐĞƐĨŽůůŽǁŝŶŐĂĚĚŝƟŽŶŽĨ ?ŶŐ ?ŵ>ŶƚĞƌŽƚŽǆŝŶƚŽƚŚĞŶƚĞƌŽƚŽǆŝŶĂŶƟďŽĚǇ
ŵŽĚŝĮĞĚĞůĞĐƚƌŽĚĞĂŶĚ ? ?ƉŐ ?ŵ>/> ? ?ƚŽƚŚĞ/> ? ?ĂŶƟďŽĚǇŵŽĚŝĮĞĚĞůĞĐƚƌŽĚĞ ?dŚĞ/^
ƌĞƐƉŽŶƐĞƐƐŚŽǁŶŝŶ&ŝŐƵƌĞ ? and &ŝŐƵƌĞ ?ŚĂǀĞĚŝīĞƌĞŶƚƉƌŽĮůĞƐĂŶĚŝƚǁĂƐŶĞĐĞƐƐĂƌǇ
ƚŽŵŽĚŝĨǇƚŚĞĂƉƉƌŽĂĐŚƚŽĞƋƵŝǀĂůĞŶƚĐŝƌĐƵŝƚĮƫŶŐŝŶŽƌĚĞƌƚŽŽďƚĂŝŶĂĐĐĞƉƚĂďůĞĮƚƐ ?ŝ ?Ğ ?
ůŽǁĞƌʖ2ǀĂůƵĞƐĨŽƌŽǀĞƌĂůůŐŽŽĚŶĞƐƐŽĨĮƚ ? ?/ŶƚŚĞĐĂƐĞŽĨ&ŝŐƵƌĞ ? it was necessary to 
ĮƚǁŝƚŚĂƐŝŵƉůĞZĂŶĚůĞƐ ?ĐŝƌĐƵŝƚďǇŽŵŝƫŶŐƚŚĞtĂƌďƵƌŐĞůĞŵĞŶƚĂŶĚƵƐŝŶŐĂĐŽŶƐƚĂŶƚ
ƉŚĂƐĞĞůĞŵĞŶƚƚŽƚĂŬĞĂĐĐŽƵŶƚŽĨ ƚŚĞƌŽƵŐŚƐƵƌĨĂĐĞŽĨ ƚŚĞƐĐƌĞĞŶƉƌŝŶƚĞĚĞůĞĐƚƌŽĚĞ ?
&ŽƌƚŚŝƐĞůĞĐƚƌŽĚĞ ?ƚŚĞĐůĞĂŶŝŶŐƉƌŽĐĞƐƐĂŶĚŵŽĚŝĮĐĂƟŽŶǁŝƚŚƚŚĞŶƚĞƌŽƚŽǆŝŶĂŶƟ ?
ďŽĚǇƌĞƐƵůƚĞĚŝŶĂŶŽďǀŝŽƵƐƌĞĚƵĐƟŽŶŽĨƚŚĞŚĞƚĞƌŽŐĞŶĞŽƵƐĞůĞĐƚƌŽŶƚƌĂŶƐĨĞƌĐŽŶƐƚĂŶƚ
 ?ƐŝŶĐĞtĂƌďƵƌŐďĞŚĂǀŝŽƵƌŝƐŶŽůŽŶŐĞƌĞǀŝĚĞŶƚ ? ?&ŽƌƚŚĞ/> ? ?ĂŶƟďŽĚǇĐŽĂƚĞĚĞůĞĐƚƌŽĚĞ
ƚŚĞŶĞĞĚƚŽĮƚǁŝƚŚĂtĂƌďƵƌŐĞůĞŵĞŶƚǁĂƐĞǀŝĚĞŶƚĨƌŽŵƚŚĞƐŚĂƉĞŽĨƚŚĞƌĞƐƉŽŶƐĞ









ǀĂůƵĞĨŽůůŽǁŝŶŐŝŶĐƵďĂƟŽŶǁŝƚŚƚĂƌŐĞƚƚŽŐĂŝŶĂ S^ŝŐŶĂů/ŶĐƌĞĂƐĞZĂƟŽ ? ?17 ? ?dŚŝƐ
ŵĞƚŚŽĚǁĂƐĞŵƉůŽǇĞĚŝŶƚŚŝƐƐƚƵĚǇĂŶĚƌĞƐƵůƚƐĂƌĞĚŝƐƉůĂǇĞĚŝŶ&ŝŐƵƌĞ ? ?tŚĂƚŝƐĐůĞĂƌ
from &ŝŐƵƌĞ ? and &ŝŐƵƌĞ ?ŝƐƚŚĂƚƐƉĞĐŝĮĐĂŶƟďŽĚǇ ?ĂŶƟŐĞŶŝŶƚĞƌĂĐƟŽŶƐĨŽƌŶƚĞƌŽƚŽǆ ?
ŝŶĂŶĚ/> ? ?ǁĞƌĞŵĞĂƐƵƌĞĂďůĞƵƐŝŶŐƚŚĞƐĐƌĞĞŶƉƌŝŶƚĞĚĞůĞĐƚƌŽĚĞƐĂŶĚ/^ ?
ƚƚŚŝƐƉŽŝŶƚŝŶƚŚĞƐƚƵĚǇ ?ŝƚǁĂƐĚĞĐŝĚĞĚƚŽĐŽŶĐĞŶƚƌĂƚĞŽŶƚŚĞĚĞƚĞĐƟŽŶŽĨ/> ? ?
ďĞĐĂƵƐĞŝƚ ŝƐĂƉŽƚĞŶƟĂů ŝŶŇĂŵŵĂƚŽƌǇďŝŽŵĂƌŬĞƌĨŽƌƐĞƉƐŝƐǁŚŽƐĞůĞǀĞůƐĐŽƌƌĞůĂƚĞ
ǀĞƌǇƐƚƌŽŶŐůǇǁŝƚŚƌĞĐŽǀĞƌǇĨƌŽŵƚŚĞĐŽŶĚŝƟŽŶ ?Table 1). Normal levels were iden ?
ƟĮĞĚĂƐ ? ? ? ? ?ƉŐ ?ŵ> ?11,12 ?ĂŶĚƚŚĞƐĞůĞĐƚĞĚůŽǁĐŽŶĐĞŶƚƌĂƟŽŶŽĨ ? ?ƉŐ ?ŵ>ŝƐĚĞ ?
ƐŝŐŶĞĚƚŽďĞũƵƐƚĂďŽǀĞƚŚŝƐƌĂŶŐĞ ?ĞǀĞůŽƉŝŶŐĂƌĂƉŝĚƚĞƐƚĨŽƌƚŚŝƐďŝŽŵĂƌŬĞƌĐŽƵůĚ
ďĞǀĞƌǇƵƐĞĨƵůĨŽƌƌĂƉŝĚůǇĂĚŵŝƫŶŐŝŶƚŽŚŽƐƉŝƚĂůĂŶĚĂůƐŽĨŽƌƚƌŝĂŐŝŶŐƉĂƟĞŶƚƐ ?dŚĞ
ŵĞĂƐƵƌĞŵĞŶƚƐƐŚŽǁĞĚƚŚĂƚŝƚǁĂƐƉŽƐƐŝďůĞƚŽĚĞƚĞĐƚ/> ? ?Ăƚ ? ?ƉŐ ?ŵ>ŝŶ ? ?ŵŝŶƵƚĞƐ
ĨŽůůŽǁŝŶŐŝŶĐƵďĂƟŽŶŽĨƚŚĞĂŶƟŐĞŶŽŶƚŚĞĞůĞĐƚƌŽĚĞ ?&ŝŐƵƌĞ ? ?ǁŝƚŚŵƵĐŚŚŝŐŚĞƌŝŶ ?
ĐƌĞĂƐĞƐŶŽƚĞĚĨŽƌ ? ? ?ĂŶĚ ? ? ? ?ƉŐ ?ŵ>ƐŽůƵƟŽŶƐŽĨ/> ? ? ?ƚƐƵĐŚŚŝŐŚĐŽŶĐĞŶƚƌĂƟŽŶƐ
ŝƚŝƐƋƵŝƚĞƉŽƐƐŝďůĞƚŚĂƚƚŚĞĂŶƟďŽĚǇďŝŶĚŝŶŐƐŝƚĞƐƉƌĞƐĞŶƚŽŶƚŚĞĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞ
ǁĞƌĞƐĂƚƵƌĂƚĞĚǁŝƚŚĂŶƟŐĞŶ ?ŵĂŬŝŶŐƋƵĂŶƟĮĐĂƟŽŶĂƚƐƵĐŚŚŝŐŚĐŽŶĐĞŶƚƌĂƟŽŶƐĚŝĨ ?
ĮĐƵůƚ ?tŚĂƚ ŝƐĐůĞĂƌĨŽƌŚŝŐŚĞƌĐŽŶĐĞŶƚƌĂƟŽŶƐ  ?Table 1 ? ŝƐƚŚĂƚĞůĞǀĂƚĞĚ/> ? ? ůĞǀĞůƐ
ĐŽƌƌĞůĂƚĞǁŝƚŚƵŶĨĂǀŽƵƌĂďůĞƐƵƌǀŝǀĂů ƌĂƚĞƐĂŶĚƚŚĞƉƌŽƚŽƚǇƉĞƚĞƐƚƌĞƉŽƌƚĞĚŚĞƌĞŝŶ
ĐůĞĂƌůǇĚĞƚĞĐƚƐ/> ? ?ĞůĞǀĂƟŽŶĂďŽǀĞĐůŝŶŝĐĂůůǇŶŽƌŵĂůůĞǀĞůƐ ?&ƵƌƚŚĞƌǁŽƌŬŝƐƌĞƋƵŝƌĞĚ
ƚŽĞƐƚĂďůŝƐŚƚŚĞůŝŶĞĂƌŝƚǇŽĨƚŚĞĂƐƐĂǇĂŶĚŝƚƐĚǇŶĂŵŝĐƌĂŶŐĞ ?/ŶĂĚĚŝƟŽŶƚŽƐƉĞĐŝĮĐ
ŝŶƚĞƌĂĐƟŽŶƐ ? ƚŚĞ /> ? ? ŵŽĚŝĮĞĚ ĂŶƟďŽĚǇ ĞůĞĐƚƌŽĚĞ ǁĂƐ ŝŶĐƵďĂƚĞĚ ǁŝƚŚ  ? ? ? ŶŐ ?ŵ>
ŶƚĞƌŽƚŽǆŝŶƐŽůƵƟŽŶƚŽĞƐƚĂďůŝƐŚ ŝĨĂŶǇĐƌŽƐƐƌĞĂĐƟǀŝƚǇ ?ŶŽŶ ?ƐƉĞĐŝĮĐďŝŶĚŝŶŐŚĂĚ
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ŽĐĐƵƌƌĞĚ ŝŶƚŚĞƉƌĞƐĞŶĐĞŽĨĂĚŝīĞƌĞŶƚĂŶƟŐĞŶ ?&ŝŐƵƌĞ  ?ƐŚŽǁƐƚŚŝƐǁĂƐŶŽƚƚŚĞ
ĐĂƐĞǁŝƚŚƚŚĞƐŝŐŶĂůŝŶĐƌĞĂƐĞƌĂƟŽƌĞŵĂŝŶŝŶŐĂƚĂƉƉƌŽǆŝŵĂƚĞůǇ ?ĨŽƌƚŚĞ ? ? ?ŶŐ ?ŵ>
ƐŽůƵƟŽŶŽĨŶƚĞƌŽƚŽǆŝŶďƵƚŝŶĐƌĞĂƐŝŶŐƚŽAN ?ŝŶ ? ?ŵŝŶƵƚĞƐĨŽƌƚŚĞƐƉĞĐŝĮĐŝŶƚĞƌĂĐ ?
ƟŽŶďĞƚǁĞĞŶƚŚĞ/> ? ?ĐŽĂƚĞĚĂŶƟďŽĚǇĂŶĚƚŚĞ ? ?ƉŐ ?ŵ>/> ? ?ƐŽůƵƟŽŶ ?
dŚĞĂƐƐĂǇƉĞƌĨŽƌŵĞĚŝŶĂŚŝŐŚůǇƐĂƟƐĨĂĐƚŽƌǇŵĂŶŶĞƌǁŝƚŚƚŚĞĨĂƐƚĂŶĚƐĞŶƐŝƟǀĞĚĞ ?





ŽŶĞĞůĞĐƚƌŽĚĞƚŽĂŶŽƚŚĞƌ ?&ŝŐƵƌĞ ?ƐƵŵŵĂƌŝƐĞƐƚŚŝƐǀĂƌŝĂƟŽŶďǇƐŚŽǁŝŶŐĂƐĞƌŝĞƐŽĨ^ ĐĂŶ ?






ƟŽŶĂů ƚŽ ƐƵƌĨĂĐĞ ĂƌĞĂ ? ? ŝŶĐŽŶƐŝƐƚĞŶĐŝĞƐ ŝŶƚƌŽĚƵĐĞĚ ďǇ ƚŚĞ ĐůĞĂŶŝŶŐ ƉƌŽƚŽĐŽů 唀 ŝŶĐŽŶƐŝƐ ?
ƚĞŶĐŝĞƐŝŶƚƌŽĚƵĐĞĚŝŶƚŚĞƐĐƌĞĞŶƉƌŝŶƟŶŐƉƌŽĐĞƐƐĂŶĚďĂƚĐŚƚŽďĂƚĐŚǀĂƌŝĂƟŽŶďĞƚǁĞĞŶ
ƐĐƌĞĞŶƉƌŝŶƚĞĚĞůĞĐƚƌŽĚĞƐ ?/ŶƚĂŬŝŶŐƚŚŝƐǁŽƌŬĨŽƌǁĂƌĚƚŽǁĂƌĚƐĂƉŽŝŶƚŽĨĐĂƌĞƚĞƐƚ 唀 ŝƚ
ŝƐŽƵƌŝŶƚĞŶƟŽŶƚŽĚĞǀĞůŽƉĂŶĞůĞĐƚƌŽĚĞƐƵďƐƚƌĂƚĞǁŝƚŚŝŵƉƌŽǀĞĚĐŽŶƐŝƐƚĞŶĐǇŽĨŝŶŝƟĂů
ŵĞĂƐƵƌĞŵĞŶƚ ?tŚŝůƐƚƚŚĞĂƉƉƌŽĂĐŚŝƐŝŶĞīĞĐƚƐƵďũĞĐƚƚŽĂŶŽƌŵĂůŝƐĂƟŽŶƚŚƌŽƵŐŚƵƐĞŽĨ









         
Figure 5: A-D) SEM images of screen printed electrode surfaces; E) Bar chart showing mean R
CT
 values and standard devi-
ation for n = 16 electrodes.
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ŵŽŶůǇĞŵƉůŽǇĞĚƐƚƌĂƚĞŐŝĞƐĨƌŽŵƚŚĞůŝƚĞƌĂƚƵƌĞǁŚŝĐŚŝŵƉƌŽǀĞĞůĞĐƚƌŽŶƚƌĂŶƐĨĞƌĂŶĚ
ƐĞŶƐŝƟǀŝƚǇ  ?Ğ ?Ő ?ĞůĞĐƚƌŽĚĞĚĞĐŽƌĂƟŽŶǁŝƚŚŶĂŶŽƉĂƌƟĐůĞƐ ?ŐƌĂƉŚĞŶĞĂŶĚŽƌŝĞŶƚĂƚĞĚ
ĂŶƟďŽĚǇŝŵŵŽďŝůŝƐĂƟŽŶĞƚĐ ? ?ǁĞƌĞŶŽƚŶĞĐĞƐƐĂƌǇƚŽĂĐŚŝĞǀĞĐůŝŶŝĐĂůůǇƌĞůĞǀĂŶƚĚĞ ?
ƚĞĐƟŽŶůĞǀĞůƐŝŶƚĞŶŵŝŶƵƚĞƐ ?dŚŝƐŵĞĂŶƐƚŚĞĂƉƉƌŽĂĐŚƌĞƉŽƌƚĞĚŝƐĨĂƌŵŽƌĞĂŵĞŶĂ ?
ďůĞ ƚŽ ŵĂƐƐ ŵĂŶƵĨĂĐƚƵƌŝŶŐ ƐŝŶĐĞ ŝƚ ŝŶǀŽůǀĞƐ ĚƌŽƉ ĐŽĂƟŶŐ ĂŶƟďŽĚǇ ƐŽůƵƟŽŶƐ ŽŶƚŽ
ƚŚĞĐůĞĂŶĞůĞĐƚƌŽĚĞƐƵƌĨĂĐĞ ?DĞĂƐƵƌĞŵĞŶƚƐ ŝŶǀŽůǀŝŶŐŶƚĞƌŽƚŽǆŝŶĂŶĚ /> ? ?ǁĞƌĞ
ĚĞǀĞůŽƉĞĚ ? Ɛ Ă ŬĞǇ ƐĞƉƐŝƐ ŵĂƌŬĞƌ ? ƚŚĞ /> ? ? ŵĞĂƐƵƌĞŵĞŶƚǁĂƐ ĞǀĂůƵĂƚĞĚ ĂŶĚ Ğǆ ?
ƉĂŶĚĞĚĨƵƌƚŚĞƌƚŽƐŚŽǁƚŚĂƚĚĞƚĞĐƟŽŶǁĂƐƉŽƐƐŝďůĞĂƚĐůŝŶŝĐĂůůǇƌĞůĞǀĂŶƚůĞǀĞůƐ ? ? ?
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